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Cell adhesion molecules are well characterized for
mediatingsynapse initiation, specification,differentia-
tion, andmaturation, yet their contribution to directing
dendritic arborization during early brain circuit forma-
tion remains unclear. Using two-photon time-lapse
imaging of growing neurons within intact and awake
embryonicXenopusbrain, we examine roles ofb-neu-
rexin (NRX) and neuroligin-1 (NLG1) in dendritic arbor
development.Usingmethodsofdynamicmorphomet-
rics for comprehensive 3D quantification of rapid den-
dritogenesis, we find initial trans-synaptic NRX-NLG1
adhesions confer transient morphologic stabilization
independent of NMDA receptor activity, whereas
persistent stabilization requires NMDA receptor-dep-
endent synapse maturation. Disrupting NRX-NLG1
functiondestabilizes filopodiawhile reducing synaptic
density and AMPA receptor mEPSC frequency.
Altered dynamic growth culminates in reduced
dendritic arbor complexity as neurons mature over
days. These results expand the synaptotropic model
of dendritogenesis to incorporate cell adhesion mole-
cule-mediated morphological stabilization necessary
for directing normal dendritic arborization, providing
apotentialmorphological substrate fordevelopmental
cognitive impairment associated with cell adhesion
molecule mutations.
INTRODUCTION
Formation of functional neural circuits during critical periods of
embryonic brain development requires correct neuronal
morphological growth and formation of appropriate synaptic
connections. Mounting evidence suggests interplay between
dendritic morphogenesis and synaptogenesis, because the
size and shape of dendritic arbors determines the number and
types of synapses formed, and synapse formation confers struc-
tural stabilization to growing dendritic processes (Cline and
Haas, 2008; McAllister, 2000; Wong and Ghosh, 2002). The
‘‘synaptotropic hypothesis’’ of dendrite growth posits thatactivity-dependent synaptogenesis directs dendrite growth by
preferentially stabilizing processes in regions of appropriate
innervation while destabilizing growth in regions with sparse or
incorrect input (Niell et al., 2004; Vaughn, 1989). The molecular
mechanisms proposed to mediate synaptotropic stabilization
of nascent dendrites, to date, include glutamatergic synaptic
transmission and subsequent downstream activation of plas-
ticity-associated kinases and Rho GTPases (Haas et al., 2006;
Liu et al., 2009; Rajan and Cline, 1998; Sin et al., 2002; Wu and
Cline, 1998). Lacking from this model of dendritic arbor pattern
formation, however, is the role of trans-synaptic cell adhesion
molecules that mediate the initial nascent contacts between
growing axons and dendrites.
Neurexin (NRX) and neuroligin (NLG) are cell adhesion mole-
cules expressed on growing axons and dendrites, respectively
(Ichtchenko et al., 1995; Song et al., 1999). A critical role of these
proteins in functional neural network formation arises from the
recent identification of mutations in members of the NLG family
and their associated binding partners, including NRX and
SHANK3, in human autism spectrum disorders (ASDs) (Durand
et al., 2007; Feng et al., 2006; Jamain et al., 2003). NLGs consist
of a family includingNLG1,NLG2, andNLG3,withNLG1predom-
inantly localized to glutamatergic synapses (Bolliger et al., 2001;
Philibert et al., 2000; Song et al., 1999). Trans-synaptic NRX-NLG
binding induces pre- and postsynaptic differentiation by trig-
gering bi-directional intracellular signaling and recruitment of
synaptic proteins (Graf et al., 2004; Scheiffele et al., 2000). At
nascent dendritic sites of axo-dendritic contact, NLG1 promotes
postsynaptic differentiation andmaturation by recruiting PSD-95
(Irie et al., 1997) and NMDA receptors (Barrow et al., 2009; Chih
et al., 2005) through interactions with an intracellular C-terminal
PDZ (PSD-95/Dlg/ZO-1) binding domain. Manipulation of NLG1
expression levels dramatically alters synapse number and func-
tion in cultured neurons (Chih et al., 2005; Chubykin et al.,
2007; Dean et al., 2003; Graf et al., 2004). Combined with results
fromNLGknockout (KO)mice (Chubykin et al., 2007; Varoqueaux
et al., 2006), these studies suggest a role for NLGs in synapse
specification and maturation. However, no studies have yet
investigated the relationship betweenNRX andNLG in regulating
patterning of dendritic arborization, which occurs concomitantly
with synaptogenesis during early brain development and is crit-
ical to network function.
To examine the role of NRX-NLG1 interactions in regulation of
dendritogenesis, we have developed novel methods for imagingNeuron 67, 967–983, September 23, 2010 ª2010 Elsevier Inc. 967
Figure 1. Characterization of Xenopus laevis NLG1
(A) NLG1 sequences comparing Xenopus laevis to other species with protein binding motifs highlighted.
(B) Developmental expression pattern of endogenous NLG1, and b-NRX expression by western blot in tadpole brain.
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developing vertebrate brain. These techniques, termed
‘‘dynamic morphometrics,’’ involve in vivo rapid two-photon
time-lapse imaging of brain neurons in the intact and awake Xen-
opus laevis tadpole and comprehensive 3D quantification of
growth behaviors of all dendritic processes on the entire
dendritic arbor at 5 min intervals over hours. Measures of
dynamic dendritic growth including rates of filopodial addition
and elimination, lifetimes, and motility describe the morpholog-
ical plasticity underlying searching of extracellular space for
appropriate axons, and stabilization associated with contact
formation. Although dendritic filopodia in some mature neurons
are precursors of spines, during early dendritic morphogenesis,
filopodia develop into longer branches; hence, their growth
dynamics are critical for establishing appropriate and persistent
larger circuit structures. Long interval imaging spanning days
captures the cumulative effects of altered dynamic growth
behaviors on the mature neuron’s dendritic arbor morphology.
Using these sensitive measures, we identify NRX-NLG1 inter-
actions in mediating a multistep process involving initial activity-
independent formation of trans-synaptic adhesions followed by
activity-dependent postsynaptic development. Imaging at
24 hr intervals over periods spanning neuronal morphological
maturation demonstrates cumulative effects of NRX-NLG-medi-
ated regulation of rapid growth behavior on persistent dendritic
arbor size and complexity. Furthermore, whole-cell patch clamp
recording of glutamatergic synaptic transmission, and time-
lapse imaging of neurons expressing fluorescently tagged
PSD-95 reveals that NRX-NLG mediated arbor growth and
synapse formation are tightly connected. Gain or loss-of-func-
tion of NLG1 affects both synapse number and function as well
as dendrite arbor structure. Hence, this study provides new
insights to the roles of cell adhesion molecules in directing
neuronal structural growth, critical to development of functional
brain circuits.
RESULTS
Endogenous NLG1 Expression in Developing
Xenopus Brain
Todetermine the function ofNRX-NLG1 interactions ondendrito-
genesis in theXenopusoptic tectum,we first characterizedNLG1
expression by isolating cDNAs encoding NLG1 from tadpole
brain. Sequencing analysis reveals that Xenopus NLG1 shares
a high degree of homology across species ranging from birds
to mammals, with 79% identity at the nucleotide level and 91%
identity at the predicted amino acid level, while exhibiting
complete conservation throughout all known protein binding(C) Coimmunoprecipitation using pull-down antibodies against endogenous NLG
(D) Morpholinos specific for Xenopus NLG1 (MO-NLG1) reduce expression of NL
band) on western blot.
(E) Immunoprecipitation using anti-HA antibody to pull down HA-tagged WT-NLG
action with PSD-95, whereas NLG1-DC does not, and demonstrates association
(F) Coexpression of NLG1-YFP and PSD-95-CFP in individual tectal neurons sho
postsynaptic sites.
(G) Binding assay showsmouse soluble NRX-Fc bindsHEK293T cells expressing
panel).
(H) Expressing NLG1-YFP in individual neurons demonstrate discrete NLG1 punmotifs (Figure 1A) (Ichtchenko et al., 1996). Western blot analysis
using NLG1- and NRX-specific antibodies finds developmental
regulation with low expression in brain at Stage 35 and a gradual
increase to Stage 50 (Figure 1B), corresponding to the progres-
sive retinal ganglion cell (RGC) axonal innervation of the tectum,
tectal neuron dendritogenesis, and the establishment and refine-
ment of retino-tectal synapses (Holt and Harris, 1993). Coimmu-
noprecipitation using pull-down antibodies against endogenous
XenopusNLG1 identifies close association with the endogenous
postsynaptic protein PSD-95 (Figure 1C); and in vivo single-cell
coexpression (Haas et al., 2001) of NLG1 tagged with YFP
(NLG1-YFP), and PSD-95 tagged with CFP (PSD-95-CFP)
demonstrates colocalization of NLG1 with PSD-95 (Figures 1F
and 1H), supporting NLG1 localization at synapses in Xenopus.
To selectively interfere with NLG intermolecular interactions,
two mutants of wild-type mouse NLG1 (WT-NLG1) were used
(Chih et al., 2005; Scheiffele et al., 2000). We used NLG1-swap,
in which the NLG extracellular cholinesterase domain is
exchanged with a homologous sequence from acetylcholines-
terase that is unable tobind to b-NRX, to selectively disrupt extra-
cellular interactions between NRX and NLG1 (Chih et al., 2005;
Chubykin et al., 2007; Scheiffele et al., 2000). Furthermore, to
interfere with the intracellular association between NLG1 and
PSD-95, we expressed NLG1-DC, a NLG1 mutant lacking the
C-terminal PSD-95 binding domain, which has been shown to
disrupt NRX-induced PSD-95 clustering and synapse formation
in vitro (Chih et al., 2005; Dresbach et al., 2004; Nam and Chen,
2005; Scheiffele et al., 2000). Here, using bulk electroporation
(Haas et al., 2002) forwidespread tectal expression of HA-tagged
versions of WT-NLG1, NLG1-swap, or NLG1-DC, and coimmu-
noprecipitation with antibodies against HA, we demonstrate
that WT-NLG1 and NLG1-swap associate with endogenous
PSD-95 in vivo, but NLG1-DC does not (Figure 1E). Furthermore,
coimmunoprecipitationwith the same antibodies detects associ-
ation between exogenously expressed WT-NLG1 and NLG1-DC
with endogenous NRX, but NLG1-swap does not (Figure 1E).
Soluble NRX-Fc Prohibits Dendritic Filopodial
Stabilization by Blocking Synaptogenesis
To determine whether NRX-NLG1 interactions regulate dendrite
growth in brain neurons undergoing morphogenesis in vivo, we
selectively interfered with the formation of trans-synaptic cell
adhesions by intratectal infusion of a soluble form of mouse neu-
rexin-1b lacking splice site 4, fused to Fc-IgG (NRX-Fc). Applica-
tion of NRX-Fc to immature neurons in culture has been shown to
block glutamatergic synapse formation by competing with
endogenous presynaptic NRX binding to postsynaptic NLG1
(Levinson et al., 2005; Nguyen and Sudhof, 1997; Scheiffele1 identifies close association with endogenous PSD-95.
G1 in HEK293T cells expressing Xenopus NLG1 compared to MO-control (top
1, NLG1-swap, and NLG1-DC demonstrates WT-NLG1 and NLG1-swap inter-
of WT-NLG1 and NLG1-DC, but not NLG1-swap with endogenous NRX.
w colocalization of NLG1 with PSD-95 in vivo, supporting NLG1 localization at
XenopusNLG1 (top panel), but control soluble D137ANRX-Fc does not (bottom
cta localized to both dendritic branches and filopodia.
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Figure 2. Blocking NRX-NLG1 Interaction Prevents Dendritic Filopodial Stabilization, Inhibits Dendritic Arbor Growth, and Reduces Synapse
Number
(A) In vivo imaging of tectal neuron expressing EGFP before and after NRX-Fc. Superimposed images of six successive time points at 10 min intervals (each time
point a separate color; white = overlap). Scale bar represents 5 mm.
(B–F)Morphometric analysis of dendritic filopodial dynamic growthbehavior before and after NRX-Fc (EGFP=11 cells, n = 407 filopodia; EGFP+NRX-Fc =6 cells,
n = 272; EGFP +D137ANRX-Fc = 5 cells, n = 227 filopodia), analyzed by tracking all filopodia from all branches from each dendritic arbor in 3D across every 5min
time point over 1 hr epochs. (B) Survival plot of percentage of pre-existing filopodia remaining at each time point. (C) Average number of filopodia eliminatedwithin
5min in all groups (total); of those present at initial imaging time point (pre-existing); or added during 1 hr imaging period (new). (D) Average density of filopodia from
5 min imaging over 1 hr. (E) Average lifetime of pre-existing and new filopodia. (F) Average absolute motility (mean jD lengthj) of pre-existing and new filopodia.
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that mouse soluble NRX-Fc, but not a mutated version (D137A
NRX-Fc) (Graf et al., 2006), binds to Xenopus NLG1 expressed
in HEK293T cells (Figure 1G). To test the effects of blocking
NRX-NLG1 interactions in vivo, immature tectal neurons were
labeled with EGFP using single-cell electroporation (Haas et al.,
2001) and imaged using rapid and long-interval two-photon
time-lapse microscopy in the intact and unanaesthetized brain.
Complete 3D images of dendritic arbors were captured every
5 min over 2 hr, with the initial 1 hr baseline period serving as an
internal control, followed by infusion of soluble NRX-Fc into the
tectum and continued imaging for an additional hour (N = 6 cells,
n = 272 filopodia). Controls were infused with the nonbinding
D137A NRX-Fc (N = 5 cells, n = 227 filopodia). Postimaging anal-
ysis of filopodial growth behavior was conducted by tracking all
filopodia from all branches on the entire dendritic arbor in 3D
across every 5 min time point over 1 hr epochs for accurate
measurements of length, motility, lifetime, and density. For all
similar measures throughout this study ‘‘N’’ represents the
number of neurons examined, in which the entire dendritic arbor
of each neuron was analyzed, and ‘‘n’’ refers to the total number
of dendritic filopodia examined on all neurons within that group.
Imaging smaller portions of dendritic arbors at 30 s intervals
found that 5 min interval imaging captured similar rates of addi-
tion and retraction because 88.5% of filopodia had lifetimes
>5 min. However, motility measures were sensitive to sample
rate with 5 min under-sampling compared to 30 s imaging, yet
this bias is shared across groups.
Dendritic filopodia were separated into two groups to distin-
guish older filopodia potentially containing synapses from newly
extendednascent filopodia lackingpresynaptic contacts. Filopo-
dia present at the initial imaging time point are categorized as
‘‘pre-existing’’ and represent a mixture of younger and older
processes, whereas those added during the 1 hr imaging session
are termed ‘‘new.’’ Pre-existing filopodia were further character-
ized as either ‘‘stable’’ if maintained for the 1 hr imaging session,
or ‘‘lost’’ if they retract within that time. In vivo imaging of fluores-
cently tagged postsynaptic protein PSD-95 demonstrates an
inverse relationship between the establishment of postsynaptic
specializations and filopodial dynamics (see Figure S1 available
online) (Washbourne et al., 2002; Prange andMurphy, 2001; Niell
et al., 2004; Sanchez et al., 2006). Consistent with previous
studies (Niell et al., 2004; Sanchez et al., 2006), we find no effects
of exogenous expression of PSD-95 on filopodial dynamics and
dendritic growth (Figures S1C and S1D), yet we find a correlation
in the pre-existing population between expression of PSD-95
puncta, and motility and lifetimes (Figures S1E and S1F). Most
pre-existing filopodia possess PSD-95 puncta and are stable,(G–K) Tectal neurons expressing YFP and PSD-95-CFP imaged at 4 hr intervals ov
tectum after the first 4 hr. Scale bar represents 20 mm. (H) NRX-Fc reduced tota
filopodia number, not to alterations in dendritic branch length. (K) NRX-Fc reduce
(L) AMPA receptor mEPSCs 4 hr after tectal infusion of NRX-Fc (N = 10 cells) or D
(M and N) NRX-Fc significantly reduces AMPA receptor mEPSC frequency, but n
(O) Immunostainingof tectal neuropil fromhorizontal brain sectionsprobedwithSN
D137A NRX-Fc. Colocalized SNAP-25 and PSD-95 puncta (yellow). Scale bar rep
(P) Average densities of SNAP-25, PSD-95, and juxtaposed puncta (n = 3 section
(Q) Quantitative analysis of the colocalization probability [(number of juxtaposed p
**p < 0.01, and ***p < 0.001. Error bars indicate standard error of the means (SEMexhibiting low motility and longer lifetimes, whereas filopodia
lacking PSD-95 puncta are unstable and extremely motile, tend-
ing to have higher motility and shorter lifetimes. In contrast,
PSD-95 puncta are not present on newly extended filopodia,
but appear after tens of minutes and are associated with stabili-
zation by decreasing motility and increasing lifetimes (Niell
et al., 2004).
Intratectal infusion of soluble NRX-Fc led to a 30% reduction in
overall filopodial density (Figures 2A and 2D), due primarily to
a dramatic increase in the rate of elimination of pre-existing filo-
podia with only 35% remaining after 1 hr (Control = 70% ± 2.8%
remaining, NRX-Fc = 35% ± 3.2% remaining; p < 0.05; Figures
2B and 2C). Furthermore, soluble NRX-Fc also dramatically
increases elimination rates of new filopodia by 90% compared
to D137ANRX-Fc-treated neurons (Figure 2C; Table S1 available
online). Fewer new filopodia are stabilized in the presence of
soluble NRX-Fc, evident from decreased average filopodial life-
times (Figure 2E) and a shift toward increasedmotility (Figure 2F).
These results suggest a model in which soluble NRX-Fc inter-
feres with synapse formation, thus preventing filopodia from
stabilizing and promoting filopodial elimination.
To investigate the long-term physiological consequences of
losing dendritic filopodia due to blocking NRX-NLG1 interac-
tions, we examined dendritic arbor growth, synapse number,
and synaptic transmission 4 hr after tectal infusion of soluble
NRX-Fc. Individual growing tectal neurons were imaged over
two sequential 4 hr intervals, with the growth rate over the first
4 hr period used as an internal baseline. Soluble NRX-Fc or
D137a NRX-Fc was infused into the tectum following the first
4 hr period. Dendritic arbor size and filopodia density were quan-
tified in 3D.We observe similar arbor growth rates during the first
4 hr across all neurons with a mean of 10% increase in both total
dendritic arbor length and number of dendritic filopodia (NRX-
Fc: N = 9 cells, D137A NRX-Fc: N = 8 cells; Figures 2G and
2H). However, although neurons treated with D137A NRX-Fc
continue to grow at the same rate for the second 4-hr period,
neurons treated with NRX-Fc exhibit a dramatic decrease in
overall arbor size (9.8% ± 2.9%; Figure 2H). This stunting of
arborization results from loss of dendritic filopodia over 4 hr
without significant changes in dendritic branch length (Figures
2I and 2J). Imaging of PSD-95-CFP finds puncta density
increases by 20%during the first 4 hr, but significantly decreases
4 hr after intratectal infusion of NRX-Fc (Figure 2K). To confirm
whether this decrease in PSD-95 puncta density represents
a loss of functional synapses, we carried out immunostaining
of the pre- and postsynaptic markers SNAP-25 and PSD-95 to
determine changes in synapse density. We find that the density
of SNAP-25 puncta is unaltered after 4 hr of NRX-Fc treatment,er 8 hr. NRX-Fc (N = 9 cells) or D137A NRX-Fc (N = 8 cells) was infused into the
l dendritic arbor size. (I and J) Arbor size change due to reduction in dendritic
d PSD-95 puncta density.
137A NRX-Fc (N = 12 cells). Right: Mean mEPSC traces.
ot amplitude.
AP-25 (red) andPSD-95 (green) antibodies 4hr after tectal infusionofNRX-Fcor
resents 1 mm.
s/tadpole; 5 tadpoles/group).
uncta)2/(number of SNAP-25 puncta3 number of PSD-95 puncta)]. *p < 0.05,
).
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Figure 3. Expression of NLG1-Swap Increases Filopodia Turnover and Decreases Postsynaptic Specializations
(A) Left: Representative neuron expressing dominant-negative NLG1-swap. Middle: Enlargements of boxed region of dendritic arbor every 5 min for 10 consec-
utive images. Right: Overlay of six successive images at 10 min intervals. Scale bar represents 20 mm.
(B–G) Morphometric analysis of dendritic filopodial dynamics of NLG1-swap neurons (N = 11 cells, n = 524 filopodia) and EGFP controls (N = 11 cells, n = 407
filopodia). (B) Plots of each filopodium’s absolute motility (mean jD lengthj) versus relative motility (meanD length) over 1 hr. Positive values = filopodial extension;
negative values = retraction. Filopodia that fluctuate without extending or retracting show no net change in relative motility. Filopodia separated into three groups
based on lifetimes; stable = filopodia present over the entire 1 hr imaging period (red); new = filopodia not present at initial image, but emerging within 1 hr (green);
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reduced by 25% compared to control brains treated with
D137A NRX-Fc. Furthermore, we find a significant reduction in
the number of colocalized SNAP-25 and PSD-95 puncta
(Figure 2P), not solely caused by the decrease in PSD-95 puncta
number, but by the significant reduction in the probability of
colocalization (Figure 2Q). These results are confirmed by
whole-cell patch clamp electrophysiology of tectal neurons,
which demonstrates a significant decrease in the frequency,
but not amplitude, of AMPA receptor-mediated mEPSCs after
4 hr of NRX-Fc treatment (Figures 2L–2N), evidence supporting
a decrease in synapse number.
Cell-Autonomous NRX-NLG1 Disruption Prevents
Dendritic Filopodia Stabilization
To identify the cell-autonomous effects of interference with NRX-
NLG1 interactions, we used single-cell electroporation to
express the NLG1-swap mutant in individual immature growing
brain neurons. We find neurons expressing NLG1-swap are
extremely plastic and unstable (Figure 3A; Movie S1 available
online), evident from plots of filopodial absolute versus relative
motility (Figure 3B). The ‘‘absolute’’ motility (y axis) is the mean
length change during successive 5 min imaging intervals regard-
less of extension or retraction, whereas the ‘‘relative’’ motility (x
axis) depicts the mean movement per 5 min using extension as
positive values and retractions as negative values. Thus, abso-
lute motility reflects average distance extended or retracted,
and relative motility denotes the average net change in length.
Plotting absolute and relative motility values are useful to differ-
entiate distinct filopodia dynamic behavior. In control neurons,
stable pre-existing filopodia with lifetimes of at least 1 hr exhibit
a range of motilities yet little net change in length, whereas lost
pre-existing filopodia that retracted within 1 hr were highly motile
and exhibited negative relative motility values, and new filopodia
primarily exhibit high motility and positive values for growth
(Figure 3B; Movie S1). In contrast, NLG1-swap neurons
(N = 11 cells, n = 524 filopodia) demonstrated high filopodial
motility across all filopodial groups, with both lost and new pop-
ulations exhibiting predominantly large negative growth
(Figure 3B). Morphometric analysis also revealed that NLG1-
swap neurons exhibit short average lifetimes (Figure 3C) and
highmotility (Figure 3D) similar to the new filopodia from neurons
treated with soluble NRX-Fc (Table S1). In addition, NLG1-swap
expression significantly increases filopodia turnover, evident
from the high filopodial density (Figure 3F), addition (Figure S2),
and elimination rates (Figure 3E).
To test the potential role of altered synaptogenesis in NLG1-
swap mediated dendritic filopodial instability, we coexpressed
PSD-95-CFP and NLG1-swap in individual tectal neurons. Anal-
ysis reveals that although dendritic filopodia number is
increased, PSD-95 densities are significantly decreased (Figures
3G and 3H). Moreover, only 20% of the remaining PSD-95and lost = filopodia present at initial image but eliminatedwithin 1 hr (black). (C) Ave
all filopodia. (E) Number of filopodia eliminated every 5 min. (F) Average density
PSD-95-CFP, and NLG1-swap. Right: Enlargement showing PSD-95 puncta. Sc
(H) Puncta analysis reveals a decrease in PSD-95 puncta in neurons expressing
(I) Percentage of total filopodia possessing PSD-95 puncta. *p < 0.05, **p < 0.01puncta are present on dendritic filopodia (Figure 3I), suggesting
that dendritic filopodia are incapable of stabilization due to the
inability to recruit postsynaptic PSD-95. These results support
the synaptotropic hypothesis that synapse formation confers
morphological stabilization, and demonstrates the importance
of NRX-NLG1 interactions in regulating this process.
Increased NLG1 Function Hyperstabilizes
Dendritic Filopodia
We next monitored the cell-autonomous effects of enhancing
NRX-NLG1 interactions by overexpressing NLG1 in individual
tectal neurons (N= 5 cells, n = 227 filopodia). Neurons expressing
either mouse NLG1 (WT-NLG1) or Xenopus NLG1 (Xen-NLG1)
exhibited compact and complex dendritic arbors (Figure 4A;
Movie S1), and no significant difference was found between the
two groups (data not shown). Morphometric analysis showed
a36% increase in filopodial densities compared toEGFPcontrols
(Figure 4F; Table S1) due to increased filopodial lifetimes
(Figure 4C) and reduced elimination rates (Figure 4E). Further-
more, NLG1-mediated hyperstabilization of dendritic filopodia
is evident from decreased filopodial motility (Figure 4D) and
changes in dynamic behavior of bothpre-existing andnew filopo-
dia, evident in plots of absolute versus relative motility showing
low absolute and relative motility in both stable and new groups
(Figure 4B). Neurons coexpressing PDS-95-CFP and Xen-
NLG1 exhibit an increase in PSD-95 density (Figures 4G and
4H), andasignificant increase in theproportionof filopodia exhib-
iting postsynaptic specializations (Figure 4I; Table S1). These
results suggest that enhancingNRX-NLG1 interactionspromotes
rapid PSD-95 recruitment and potentially synaptogenesis, which
hyperstabilizes dendritic filopodia and reduces dynamic search-
ing behavior.
Knockdown of NLG1 Blocks Dendritic Filopodial
Stabilization
Morpholino oligonucleotides (MO) were designed to selectively
reduce expression ofXenopusNLG1 (MO-NLG1) and as controls
(MO-control) whose sequence does not correspond to any
known Xenopus mRNA (Figure 1D). Single-cell electroporation
was used to introduce the fluorescent dye Alexa Fluor 488 along
with lissamine–tagged MO into individual immature neurons. We
first examined filopodia dynamics in MO-labeled neurons using
in vivo rapid time-lapse imaging every 5 min for 1 hr. We found
that delivery of MO-NLG1 targeting NLG1 mRNA produced
simple dendritic arbors compared to MO-control neurons
(Figures 5A and 5B; MO-control: N = 6 cells, n = 182 filopodia;
MO-NLG1: N = 6 cells, n = 100 filopodia). Detailed analysis
showed that MO-NLG1 neurons had significantly lower filopodial
density (Figure 5C), and rates of addition (Figure 5F) and elimina-
tion (Figure 5G). Moreover, filopodia in MO-NLG1 neurons
demonstrate reduced stabilization, similar to filopodia on
NLG1-swap neurons, evident by high motility (Figure 5E) andrage lifetimes of pre-existing and new filopodia. (D) Average absolutemotility of
of filopodia throughout 1 hr. (G) Left: Representing neuron expressing YFP,
ale bar represents 20 mm.
NLG1-swap (N = 3 cells) compared to control neurons (N = 5 cells).
, and ***p < 0.001. Error bars indicate SEM.
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Figure 4. Overexpression of NLG1 Hyperstabilizes Dendritic Filopodia and Increases Postsynaptic Specializations
(A) Left: Projection of tectal neuron imaged in vivo overexpressing Xen-NLG1. Middle: Enlargement of dendritic arbor showing images at 5 min intervals. Right:
Overlay of six successive images at 10-min intervals. Scale bar represents 20 mm.
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Figure 5. Morpholino-Mediated Knockdown of NLG1 Inhibits Dendrite Growth and Impairs Synaptic Transmission
(A and B) Left: Single neurons imaged in vivo filled with Alexa Fluor 488 dextran and MO-control or MO-NLG1. Scale bar represents 20 mm. Right: Overlays of
boxed region of six successive images at 10 min intervals. (C–G) Morphometric analysis of dendritic filopodial dynamics of MO-control or MO-NLG1 neurons
(MO-control = 6 cells, n = 182 filopodia; MO-NLG1 = 6 neurons, n = 100 filopodia). (C) Average density, (D) lifetime, (E) absolute motility, (F) addition rates,
and (G) elimination rates of filopodia from 5 min interval imaging over 1 hr. (H) Representative raw and averaged traces of AMPA receptors mEPSCs from
MO-control (N = 10 cells) or MO-NLG1 (N = 11 cells).
(I and J) MO knockdown of NLG1 decreases both AMPA receptors mEPSC frequency and amplitude. *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars
indicate SEM.
Neuron
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clamp recordings of the MO-NLG1 neurons have also revealed
a significant decrease in both the frequency and amplitude of
AMPA receptor-mediated mEPSCs, demonstrating reduced
synapse number and impaired synaptic transmission in these
simple-arbor neurons (Figures 5H–5J).
NRX-NLG1 Adhesions Create Transient Stabilization
To determine whether NLG1-mediated stabilization of dendritic
filopodial dynamics are due to formation of NRX-NLG1 trans-
synaptic adhesion complexes or via postsynaptic protein clus-
tering and synapse formation, we used a NLG1 mutant able to
bind NRX but unable to recruit PSD-95. We find that NLG1-DC(B–I) Morphometric analysis of dendritic filopodial dynamics of EGFP controls, neu
neurons treated with APV (EGFP = 11 cells, n = 407 filopodia; Xen-NLG1 = 5 cell
APV = 5 cells, n = 204). (B) Plots of absolute motility (mean jD lengthj) versus relat
extension; negative values = retraction. Filopodia are separated into three grou
filopodia not present at initial image, but emerging within 1 hr (green); and lost = fil
lifetimes. (D) Absolute motility. (E) Number of filopodia eliminated every 5 min. (F
neuron expressing YFP, PSD-95-CFP, and Xen-NLG1. Right: Enlargement of
Scale bar represents 20 mm. (H) Puncta analysis reveals an increase in PSD-95 pun
(N = 5 cells). (I) Percentage of filopodia possessing PSD-95 puncta. *p < 0.05, **neurons (N = 11 cells, n = 397 filopodia) exhibit high absolute
filopodial motility, yet exhibit little net change in relative motility
indicating large length fluctuation without net extension or
retraction (Figure 6B). This effect is prominent in both the stable
and new populations, (Figures 6A and 6B; Movie S1). Morpho-
metric analyses show both pre-existing and new filopodia from
neurons expressing NLG1-DC exhibited high motility, similar to
NLG1-swap neurons (Figure 6D). Surprisingly, no difference
was observed in the overall elimination rates between NLG1-
DC and control neurons (Figure 6E), unlike the high elimination
rates in NLG1-swap neurons (NLG1-DC = 3.66 ± 0.18 filopodia
eliminated/100 mm/1 hr, NLG1-swap = 13.6 ± 0.88 filopodia elim-
inated/100 mm/1 hr; p < 0.001). Detailed analysis reveals thatrons overexpressing Xen-NLG1 before and after APV treatment, and NLG1-DC
s, n = 227 filopodia; Xen-NLG1 + APV = 5 cells, n = 170 filopodia; NLG1-DC +
ive motility (mean D length) for each filopodia. Positive relative motility values =
ps: stable = filopodia present over the entire 1 hr imaging period (red); new =
opodia present at the initial image but eliminated within 1 hr (black). (C) Average
) Filopodial density of pre-existing and new filopodia. (G) Left: Representative
dendritic arbor demonstrating high density of postsynaptic specializations.
cta in neurons expressing Xen-NLG1 (N = 4 cells) compared to control neurons
p < 0.01, and ***p < 0.001. Error bars indicate SEM.
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Figure 6. Expression of NLG1-DC Increases Filopodia Lifetime without Persistent Stabilization and Decreases Postsynaptic Specializations
(A) Top left: In vivo tectal neuron expressing dominant-negative NLG1-DC. Right: Enlargements of boxed region showing 5 min consecutive images. Red open
arrowheads track stable filopodia present throughout 1 hr imaging. Bottom left: Overlay of six 10 min interval images. Scale bar represents 20 mm.
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Neurexin/Neuroligin Stabilize Dendritogenesis
976 Neuron 67, 967–983, September 23, 2010 ª2010 Elsevier Inc.
Neuron
Neurexin/Neuroligin Stabilize Dendritogenesispre-existing filopodia from NLG1-DC neurons exhibit higher
elimination rates (Figure 6E) with shorter average lifetimes
(Figure 6C), whereas new filopodia show reduced elimination
rates (Figure 6E) and longer average lifetimes (Figure 6C). Inter-
estingly, although pre-existing filopodia in NLG1-DC neurons
had similar elimination rates to those on NLG1-swap neurons,
their lifetimes were significantly longer (NLG1-swap = 36.3 ±
1.5 min, n = 197 filopodia; NLG1-DC = 44.4 ± 2.1 min, n = 224
filopodia; p < 0.001). New filopodia in NLG1-DC neurons have
similar lifetimes to Xen-NLG1 overexpression neurons, but with
significantly higher motility (NLG1-DC = 1.35 ± 0.04 mm/5 min,
n = 127 filopodia; Xen-NLG1 = 0.84 ± 0.06 mm/5 min, n = 95 filo-
podia; p < 0.001). These results demonstrate that filopodia in
NLG1-DC neurons, in general, have relatively longer average life-
times with high motility, yet exhibit reduced capacity for stabili-
zation. Interestingly, neurons coexpressing both NLG1-DC and
PSD-95-CFP exhibit increased filopodia number, but decreased
PSD-95 density, with the majority of dendritic filopodia not pos-
sessing puncta (Figures 6G–6I), suggesting that the increased
lifetime phenotype does not result from recruitment of postsyn-
aptic scaffold proteins. Therefore, we propose a model in which
upon initial contact between growing axons and dendrites, NRX
and NLG1 form intercellular adhesion complexes that transiently
stabilize the membrane to limit process elimination, but do not
affect cytoskeletal dynamics necessary to provide persistent
stabilization.
To test the validity of this hypothesis, we treated NLG1-DC
neurons with soluble NRX-Fc (N = 5 cells, n = 162 filopodia) to
examine whether the enhanced lifetime phenotype could be
reversed. We imaged NLG1-DC neurons every 5 min for 2 hr,
in which the first hour served as an internal baseline, followed
by tectal infusion of soluble NRX-Fc and imaged for another
hour. Infusion of NRX-Fc increases the elimination rates of new
filopodia (Figure 6E) and decreases their average lifetimes
when compared to untreated NLG1-DC neurons, supporting
our model (Figure 6C). However, NRX-Fc does not affect the life-
times or the elimination rates of pre-existing filopodia (Figures 6C
and 6E), consistent with our findings that NRX-Fc preferentially
interferes with the formation of new adhesion complexes
between nascent axonal and dendritic filopodia.
NLG1 Overexpression-Mediated Filopodial Stabilization
Requires NMDA Receptor Transmission
Previous studies in Xenopus tectum have demonstrated the
importance of synaptic activity and synapse maturation in regu-
lating dendritic growth (Haas et al., 2006; Liu et al., 2009; Rajan
and Cline, 1998; Sin et al., 2002). To investigate whether NLG1-
mediated dendritic filopodial stabilization is solely dependent on
NLG1-induced postsynaptic protein recruitment or also requires
glutamatergic synaptic activity, we treated Xen-NLG1 neurons(B–I) Morphometric analysis of dendritic filopodial dynamics of EGFP controls an
n = 407 filopodia; NLG1-DC = 10 cells, n = 397 filopodia, NLG1-DC+NRX-Fc = 5 c
lengthj) versus relative motility (meanD length). Filopodia separated into three gro
at initial image, but emerging within 1h (green); and lost = present at the initial ima
(E) number of filopodia eliminated every 5 min, and (F) filopodial density of pre-e
NLG1-DC. Right: Enlargements of dendritic arbor demonstrating low density of
reveals a decrease in PSD-95 puncta in neurons expressing NLG1-DC (N = 3 cel
sessing PSD-95 puncta. *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars indicawith the NMDA receptor antagonist 2-amino-phosphonovaleric
acid (APV) (N = 5 cells, n = 170 filopodia). NLG1-DC neurons
were also treated with APV as a negative control (N = 5 cells,
n = 204 filopodia) because NLG1-DC cannot recruit PSD-95 to
promote synapse formation (Scheiffele et al., 2000; Chih et al.,
2005; Nam and Chen, 2005). We imaged Xen-NLG1 neurons
every 5 min over 2 hr, in which the first hour served as an internal
baseline, followed by bath application of APV (50 mM) and
imaged for another hour. Strikingly, application of APV trans-
formed hyperstabilized Xen-NLG1 neurons into dynamically
motile neurons (Figure 4D;Movie S2). APV increases the elimina-
tion rate of pre-existing filopodia by 77% (Figure 4E) and signif-
icantly reduces their lifetimes (Figure 4C). Thus, NLG1-mediated
filopodial stabilization requires synaptic activity through NMDA
receptors. Furthermore, APV does not affect the lifetimes or
the elimination rates of new filopodia in Xen-NLG1 neurons
(Figures 4C and 4E), as would be expected for immature
processes lacking synapses. These filopodia behave similarly
to new filopodia on NLG1-DC neurons in that they were highly
motile and have relatively longer lifetimes, but are not persis-
tently stabilized (Figure 4I). We find no significant effects of
APV on filopodial dynamics in NLG1-DC neurons (Movie S3),
supporting the increased lifetime in immature processes being
solely mediated by enhancing NRX-NLG1 adhesions, and the
requirement of synapse formation and maturation for persistent
filopodial stabilization. Taken together, these findings suggest
a series of distinct events underlying filopodial stabilization in
which initial NRX-NLG trans-synaptic adhesions provide tran-
sient activity-independent interactions that prevent nascent
axo-dendritic contacts from separating. Subsequent synaptic
protein clustering and NMDA receptor-dependent synapse
maturation then confer persistent cytoskeleton stabilization rest-
ricting filopodial elimination.
NRX-NLG1 Interactions Influence Long-Term Dendritic
Arbor Patterning
To assess the long-term effects of altered NRX-NLG1 interac-
tions on larger and persistent dendritic arbor morphology we
monitored arbor growth at 24 hr intervals over 4 days. Previous
studies demonstrate that newly differentiated tectal neurons
grow by dramatically expanding arbor size over 4 days, after
which the mature arbor is stable with no further net increase in
branch length or number (Haas et al., 2006; Liu et al., 2009).
Here, we find that over 4 days, control neurons increase arbor
size and complexity, whereas neurons overexpressing Xen-
NLG1 exhibit restricted arbor growth (Figures 7A and 7B).
Although the arbor size of Xen-NLG1 neurons was smaller than
controls, the number of filopodia in Xen-NLG1 was significantly
higher (Figure 7C), resulting in the formation of spatially
restricted, but more complex arbors (Figure 7D). Long-termd NLG1-DC neurons before and after treatment with NRX-Fc (EGFP = 11 cells,
ells, n = 162 filopodia). (B) Plots of each filopodium’s absolute motility (mean jD
ups: stable = present over the entire 1 hr imaging period (red); new = not present
ge but eliminated within 1 hr (black). (C) Average lifetimes, (D) absolute motility,
xisting and new filopodia. (G) Left: Neuron expressing YFP, PSD-95-CFP, and
postsynaptic specializations. Scale bar represents 20 mm (H) Puncta analysis
ls) compared to controls (N = 5 cells). (I) Percentage of dendritic filopodia pos-
te SEM.
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Figure 7. NRX-NLG1 Interactions Influence Long-Term Dendritic Arbor Patterning
(A) In vivo time-lapse images of neurons expressing EGFP (control, N = 7 cells) and Xen-NLG1 (N = 8 cells) acquired at 24 hr intervals over 4 days. Scale bar
represents 40 mm.
(B–D) 3D analysis shows overexpressing Xen-NLG1 decreases total dendritic branch length (B), but increases filopodial density (C), and complexity shown with
3D Sholl analysis (D).
(E) In vivo time-lapse images of MO-control (N = 6 cells) and MO-NLG1 neurons (N = 7 cells) acquired at 24 hr intervals over 4 days. Scale bar represents 40 mm.
(F–H) MO knockdown of NLG1 inhibits dendrite growth by decreasing both total dendritic branch length (F) and filopodia density (G), resulting in formation of
simple dendritic arbors with decreased 3D Sholl complexity (H). *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars indicate SEM.
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Neurexin/Neuroligin Stabilize Dendritogenesisimaging demonstrates that filopodial hyperstabilization restricts
filopodial transitions into longer branches. To identify structural
changes in neurons lacking endogenous NLG1, we monitored
long-term structural changes inMO-NLG1 neurons at 24 hr inter-
vals over 4 days (Figure 7E). MO-NLG1 neurons develop simple
arbors with significantly reduced total dendritic branch length
and filopodia density (Figures 7F and 7G), with reduced arbor
complexity evident from 3D Sholl analysis (Figure 7H).978 Neuron 67, 967–983, September 23, 2010 ª2010 Elsevier Inc.DISCUSSION
Here, we have examined the contribution of the cell adhesion
molecules NRX and NLG1 to synaptotropic dendritic arboriza-
tion. Genetic deletion of NLG1 in mice (NLG1-KO) has been
shown to reduce glutamatergic synapse maturation and inhibit
long-term synaptic plasticity in hippocampus, as well as prod-
ucing behavioral deficits and reduced spatial learning and
Neuron
Neurexin/Neuroligin Stabilize Dendritogenesismemory (Blundell et al., 2010; Chubykin et al., 2007). It remains
untested, however, whether altered neuronal morphogenesis
contributes to these functional abnormalities. Neuronal morp-
hology is a critical component of brain development with impor-
tant impact on mature brain circuit function. Direct in vivo
imaging of brain neuron growth within unanaesthetized verte-
brate embryos provides unpredicted insights into neuronal
structural development within intact native tissue environments
(Liu et al., 2009). Rapid time-lapse imaging reveals that dendritic
arbor growth involves a remarkable degree of turnover, with
rapid extension and retraction of short filopodia and longer
branches, suggesting searching of the local environment for
scarce factors required for stabilization. During early neuronal
morphogenesis, dendritic filopodia are precursors of persistent
branches; hence, quantification of these dynamic filopodial
behaviors and identification of molecular mechanisms under-
lying filopodial stabilization are required to understand how filo-
podia probe for optimal synapse formation and contribute to
mature dendritic arbor patterning. Here, using novel methods
of dynamic morphometrics for comprehensive 3D quantification
of rapid and long-term dendritogenesis, we have characterized
a multistep process by which the cell adhesion molecules NRX
and NLG1 regulate filopodia dynamic behavior with long-term
consequences to dendritic arbor morphogenesis.
Dendritic filopodia mediating dendritic branch formation
demonstrate a range of behaviors that shift over time as they
make contact with axons and form synapses. Upon first
emerging from dendritic shafts, nascent filopodia lack synapses
and display rapid extension and retraction (Figure S1B). Our
results demonstrate that upon first contact between dendritic
filopodia with axons, trans-synaptic NRX-NLG1 binding rapidly
creates adhesions. Blocking adhesion formation with extracel-
lular soluble NRX-Fc or postsynaptic expression of NLG1-
swap dramatically destabilizes nascent dendritic filopodia,
evident from increased elimination rates and decreased life-
times. Expression of NLG1-DC enhances NRX-NLG1 adhesions
without allowing synapse formation, resulting in high filopodial
motility, yet with increased lifetimes. The elimination of NLG1-
DC-induced enhanced lifetimes by application of soluble NRX-
Fc supports endogenous NRX interactions with NLG mediating
this effect, rather than nonspecific binding. Furthermore, the
NLG1-DC phenotype resembles expression of Xen-NLG1 in
the presence of NMDA receptor blockade, consistent with
both manipulations enhancing adhesions without postsynaptic
development. From these results, we postulate that NRX-
NLG1 adhesions create membrane-based stabilizations that
provide tension and traction forces to temporarily restrict rapid
filopodial retraction and elimination, yet are insufficient to stabi-
lize the cytoskeleton necessary for altered motility. Similar
phenomena have been observed in studies of cell migration
where filopodia from adjacent cells form adhesion complexes
after initial contact creating short-lived support independent of
cytoskeletal stabilization that provides traction for further move-
ment (Mattila and Lappalainen, 2008; Zamir and Geiger, 2001).
In addition to forming trans-synaptic adhesions, cell adhesion
molecules can function as nucleators to recruit and cluster
proteins associated with synaptogenesis. A role for NRX-NLG
interactions in synaptogenesis in vivo in the developing Xenopusretinotectal system is supported by endogenous interactions
between NLG1 and PSD-95 identified by coimmunoprecipita-
tion, and localization of NLG1 at postsynaptic sites. Furthermore,
decreases in synapse density and AMPA receptor-mediated
mEPSC frequency after tectal infusion of soluble NRX-Fc are
consistent with previous findings that NRX-NLG1 interactions
are critical for excitatory synapse formation and function in
mammalian neurons (Levinson et al., 2005; Nguyen and Sudhof,
1997; Scheiffele et al., 2000). However, triple knockout of NLG1/
2/3 in mice produced no change in synapse density in cortex,
potentially suggesting compensation, which is unlikely from our
manipulations of acute NRX-Fc exposure or transfection of post-
differentiated neurons in developing tectum. The roles of NRX-
NLG1 interactions in pre- and postsynaptic differentiation and
synaptic functions have also been shown inDrosophila, suggest-
ing that the fundamental aspects of NRX and NLG are widely
conserved across species (Banovic et al., 2010). Hence, we
further tested the roles of NRX-NLG-mediated coalescence of
postsynaptic proteins and synapse formation in filopodial growth
dynamics by comparing effects of expression of NLG1-DC to
overexpression of Xen-NLG1. Exogenous expression of Xen-
NLG1, which increases both adhesions and downstream
synapse formation, produces abnormal hyperstabilization of
dendritic filopodia and increased PSD-95 puncta density.
However, expression of NLG1-DC, which increases adhesion
formation but restricts development of postsynaptic specializa-
tions, does not induce hyperstabilization and reduces density
of postsynaptic specializations.
Strikingly, Xen-NLG1 induced filopodial hyperstabilization can
be reversed by inhibition of NMDA receptor-mediated transmis-
sion. Thus, we conclude that NRX-NLG1-mediated persistent
filopodial stabilization requires activity-dependent synapse
maturation. Although PSD-95 binds to both NLG1 (Irie et al.,
1997) and scaffolding proteins (Kim and Sheng, 2004), providing
a link between NLG1 and the actin cytoskeleton, this association
is insufficient to promote transition frommotile and short-lived fi-
lopodia to nonmotile and persistently stabilized processes. Our
findings agree with previous studies in Xenopus tectum that
synaptic activity and synapse maturation regulate dendrite
growth by conferring morphological stabilization. Natural visual
experience that enhances tectal afferent innervation increases
tectal synapse number and strength (Aizenman and Cline,
2007), which in turn promotes dendritic branch stabilization
(Sin et al., 2002). Conversely, blocking synapse maturation by
NMDA receptor blockade or interfering with AMPA receptor traf-
ficking into synapses reduces filopodial stabilization and
dendritic arbor elaboration, and blocks visual stimulation-
induced dendrite growth (Haas et al., 2006; Rajan and Cline,
1998; Sin et al., 2002).
The synaptotropic hypothesis of dendrite growth states that
synapse formation stabilizes filopodia to prevent retraction and
promotes transition into longer and more persistent dendritic
branches, culminating over time into increased complexity and
size of the entire arbor. Our work here further expands thismodel
by identifying three distinct mechanisms by which the cell adhe-
sion molecules NRX and NLG contribute to dendritic filopodial
stabilization (Figure 8). In the initial step, upon nascent axonal-
dendritic contact, NRX and NLG1 create membrane-basedNeuron 67, 967–983, September 23, 2010 ª2010 Elsevier Inc. 979
Figure 8. Model of NRX-NLG1 Regulation of Dendritogenesis
NRX-NLG1 interactions regulate dendritic filopodial stabilization through a multistep process: (1) Upon nascent axonal-dendritic contact, NRX and NLG1 create
adhesions that confer transient membrane stabilization to prevent rapid filopodial retraction; (2) NLG1 clustering then promotes coalescence of postsynaptic
proteins, including PSD-95 and NMDA receptors, through intracellular PDZ domain; (3) filopodia receiving strong neuronal transmission become stabilized;
(4) those not receiving sufficient input disassemble; and (5) synapse maturation confers local stabilization of cytoskeleton, which promotes further elongation.
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Neurexin/Neuroligin Stabilize Dendritogenesisadhesions that confer transient stabilization to prevent rapid filo-
podial retraction. Subsequently, NLG1 clustering promotes
recruitment and coalescence of postsynaptic proteins through
its intracellular PDZ domain. These nascent synapses may be
‘‘silent’’ synapses containing only NMDA receptors (Nam and
Chen, 2005). Neuronal transmission is then necessary to drive
activity-dependent synapse maturation likely involving insertion
of AMPA receptors into the developing synapses (Heine et al.,
2008; Wu et al., 1996). Synapse maturation then confers local
stabilization to the cytoskeleton, preventing filopodial retraction
and promoting further elongation and transition into branches
(Haas et al., 2006; Niell, 2006; Niell et al., 2004; Rajan and Cline,
1998; Sin et al., 2002).
Moreover, an unforeseen resultwasobservedwhenXen-NLG1
neurons were monitored at 24hr intervals over 4 days. Although
MO knockdown of NLG1 expression results in formation of
simple dendritic arbors, consistent with a-NRX double knockout
mice that exhibit shortened dendritic branches in hippocampal
pyramidal neurons (Dudanova et al., 2007), overexpressing
Xen-NLG1 results in stunted dendritic arbors with increased
complexity. Although a simple interpretation of the synaptotropic
model would predict that manipulations that increase synapse
formation would promote formation of larger dendritic arbors,
excessiveNRX-NLG1mediated synaptogenesis results in hyper-
stabilization of the cytoskeleton and loss of growth plasticity.
These findings are consistent with excessive stabilization of
dendritic growth produced by PKMz enhancement of synapto-
genesis (Liu et al., 2009), and suggest a graded effect relating
synapsematuration tomorphological stabilization. In this modifi-
cation of the synaptotropic model, immature synapses confer
sufficient stabilization to prevent process retraction and elimina-
tion, while allowing continued dynamic extension from the site of
the synapse. Mature synapses, however, further stabilize to
prevent all morphological plasticity. This model explains the
loss of dendritic arbor plasticity as neuronsmature andexcitatory
synapses undergo maturation.
An important implication inherent to the synaptotropic hypoth-
esis is that activity-dependent competition-basedsynaptogenesis980 Neuron 67, 967–983, September 23, 2010 ª2010 Elsevier Inc.directs elaboration of the dendritic arbor, promoting structures
optimized for processing patterned activity experienced during
growth. Since deletion of NLG1, both in vitro and in vivo, alters
synaptic function (Blundell et al., 2010; Chih et al., 2005; Chubykin
et al., 2007), cell-autonomous interference with NLG1 is expected
to reduce glutamatergic synapse function leading to altered syn-
aptogenesis and synaptotropic growth due to competition with
surrounding normal neurons, resulting in simplified mature arbor
patterns.However, different cell-autonomousmolecular perturba-
tions of synaptic function yield distinctmorphological phenotypes,
demonstrating specific contributions by each molecular compo-
nent to growth rather than a simple effect based on altered gluta-
matergic synapse function. Manipulations that reduce CaMKII or
PKMz activity, or prevent the delivery of AMPA receptors to
synapses lead todifferentpatternsofabnormalbranchelaboration
(Haasetal., 2006; Liu et al., 2009; ZouandCline, 1999), suggesting
that synaptotropic-driven dendritic arborization is a complex and
multistep process and interference with synaptogenesis at
different stages results in distinct dendritic growth patterns.
Hence, our results add another layer of complexity to the synapto-
tropic model of dendritogenesis and demonstrate how cell adhe-
sionmoleculesplayacritical role inbraincircuit structuraldevelop-
ment. Disruption of normal cell adhesion interactions, therefore,
may produce persistent abnormal neural circuit structures leading
to lasting dysfunction.EXPERIMENTAL PROCEDURES
Animals
Freely swimming albino Xenopus tadpoles were reared in 10% Steinberg’s
solution (Hewapathirane et al., 2008) at 22Con a 12 hr light/dark cycle. Exper-
iments were carried out on Stage 47 tadpoles (Nieuwkoop and Faber, 1967).
All experimental procedures were conducted according to the guidelines of
the Canadian Council on Animal Care, and were approved by the Animal
Care Committee of the University of British Columbia’s Faculty of Medicine.
Plasmids and Morpholinos
Xenopus neuroligin 1 (NLG1) was cloned from brain by RT-PCR, and the PCR
product was inserted into a pcDNA expression vector for overexpression
Neuron
Neurexin/Neuroligin Stabilize Dendritogenesisstudies. The XenopusNLG1 cDNA sequence predicts an amino acid sequence
containing all identified functional motifs, and high overall homology (91%)
compared to mouse. To knockdown endogenous NLG1, lissamine-tagged
Morpholino antisense oligonucleotides against Xen-NLG1 (MO-NLG1: AA
GAGCCTCCATGAATATACACCAT) and control Morpholino oligonucleotides
(MO-control: CCTCTTACCTCAGTTACAATTTATA) that do not correspond to
any known Xenopus sequence were purchased from GeneTools (Philomath,
OR). Lissamine-tagged Morpholinos allowed fluorescent detection of loading
into neurons in vivo.
Structure-function studies of NLG1 function employed the following
constructs: hemagglutinin (HA)-tagged NLG1 containing splice insertions A
and B (WT-NLG1); a dominant-negative form in which the extracellular neu-
rexin-binding domain was exchanged with acetylcholinesterase (AChE)
(NLG1-swap, amino acids 48–630 of neuroligin-1ab were replaced with amino
acids 31–565 of mouse AChE); and a dominant negative version with an inter-
cellular C-terminal deletion lacking a PSD-95-bindingmotif (NLG1-DC1, a stop
codon was inserted after amino acid 803) (Scheiffele et al., 2000). All three
constructs were generous gifts from Dr. Peter Scheiffele (University of Basel,
Switzerland). To test the suitability of employing mouse NLG1-swap and
NLG1-DC1 in Xenopus, we compared effects of expressing Xenopus NLG1
(Xen-NLG1) with mouse NLG1 and found no significant differences in any
dynamic morphometric measures (data not shown).
In Vivo Single Neuron Transfection and Loading
with Dyes and Morpholinos
Individual growing neurons within the Xenopus optic tectum were transfected
using in vivo single-cell electroporation (Haas et al., 2001) for expression of
membrane-targeted farnesylated enhanced green fluorescent protein
(EGFP), alone or in combination with NLG1 constructs. Stage 47 Xenopus
tadpoles were anesthetized with 0.02% MS-222 and individual neurons in
the optic tectum were electroporated using plasmid DNA (2 mg/ml) and an Ax-
oporator 800A stimulator (Molecular Devices, Sunnyvale, CA) to deliver elec-
tric pulses (stimulus parameters: pulse intensity = 1.5 mA; pulse duration =
1 msec; pulse frequency = 300 Hz; train duration = 300 msec). To visualize
postsynaptic specializations and tectal neuron morphology simultaneously,
individual neurons were electroporated with expression plasmids encoding
PSD-95 conjugated to cyan fluorescent protein (PSD-95-CFP, a gift from Dr.
Ann Marie Craig, University of British Columbia), yellow fluorescent protein
(YFP), and with or without NLG1 constructs. Single-cell electroporation was
also used to co-deliver synthetic Morpholino oligonucleotides (pipette
concentration: 0.5 mM) and the space-filling dye Alexa Fluor 488, 3000 MW
(1.5 mM, Invitrogen, Eugene, OR), using the stimulation parameters: pulse
intensity = 2 mA; pulse duration = 700 msec; pulse frequency = 700 Hz; train
duration 20 msec. Loading of lissamine-tagged Morpholinos was confirmed
by fluorescence and confocal microscopy. Coelectroporation of Morpholinos
and Alexa Fluor 488 yielded 100% co-loading.
In Vivo Time-Lapse Imaging of Dendrite Growth Dynamics
Images of growing neurons within intact and awake embryonic brain were
captured using a custom-built two-photon laser-scanning microscope con-
structed by modification of an Olympus FV300 confocal microscope
(Olympus, Center Valley, PA), and addition of a Chameleon XR laser light
source (Coherent, Santa Clara, CA). Optical sections through the optic tectum
were captured using a 603, 1.1 NA, water immersion objective (LUMPlanFl,
Olympus), and images were recorded using Fluoview software (Olympus).
For rapid time-lapse experiments, unanesthetized tadpoles were immobilized
for imaging using brief (5 min) exposure to the reversible paralytic pancuro-
nium dibromide (PCD, 2 mM, Tocris), and embedded under a thin layer of
agarose (1.0%, prepared with 10% Steinberg’s solution) in a Sylgard imaging
chamber continuously perfused with oxygenated 10% Steinberg’s solution at
room temperature (22C). Tadpoles were not anesthetized during imaging to
avoid the confounding effects of altered synaptic transmission on endogenous
activity-dependent synaptogenesis and growth. Entire dendritic arbors of indi-
vidual tectal neurons were imaged in vivo using optical sectioning with a z axis
step size of 1.5 mm, every 5 min over 1 or 2 hr. The two-photon fluorescence
microscopy point-spread function is inherently broader in the z than x-y
axes. Given that dendritic arbors from neurons in all groups were imagedand analyzed in 3D, the potential distortion in length values in the z axis
were consistent across groups. For tectal infusions, a solution containing
recombinant NRX-Fc (30 mg/ml), D137A NRX-Fc (30 mg/ml), or D-APV
(50 mM, Tocris) was slowly delivered from a micropipette into the optic tectum
using low pressure (<10 psi) over 3–5min using a Picospritzer III (General Valve
Corporation, Fairfield, NJ). For 8 hr imaging experiments, single time point
images were taken three times every 4 hr. For measures of long-term dendritic
arbor growth, neurons were imaged at 24 hr intervals over 4 days. For daily
imaging, tadpoles were briefly anesthetized with MS-222, imaged over 5 min
and returned to their chambers where they recovered from anesthesia within
1–2 min.
Morphometric Analysis
Dynamic growth behavior of dendritic filopodia and branches was analyzed
from rapid time-lapse imaging data sets using a custom-written IGOR-based
program (developed by Dr. Jamie Boyd, University of British Columbia). All
filopodia (processes with length <10 mm) were identified, tracked, and
measured across multiple time point image stacks providing comprehensive
and precise 3D measures of growth dynamics. Measures of total dendritic
arbor structure for analysis of long-term changes over days were achieved
using 3D rendering of single time point images reconstructed using the
computer-assisted drawing software Neurolucida (MicroBrightfield, Williston,
VT). For puncta analysis, individual puncta were identified in single optical
sections, using our custom-written IGOR-based program. PSD-95-CFP clus-
ters of 0.5–1.5 mm in size and located within dendritic processes were consid-
ered to be single synaptic puncta (Niell et al., 2004; Sanchez et al., 2006).
Statistical Tests
Data were tested with the Student’s t test to compare between groups unless
otherwise stated. Data were present as mean ± standard error of the mean
(SEM). Significance were labeled as * p < 0.05, ** p < 0.01, and *** p < 0.001.
Immunocoprecipitation and Western Blotting
Tadpoles were anesthetized with 0.02% 3-aminobenzoic acid ethyl ester
(MS-222, Sigma), sacrificed, and brains were dissected and homogenized in
lysis buffer (50 mM Tris-HCL, 13 protease inhibitor cocktail (Roche Products,
Welwyn, Garden City, UK), 1% Triton X-100, pH 7.4). Protein homogenates
were separated on a 8% Bis-Tris acrylamide gel (Invitrogen, Carlsbad, CA)
and transferred to nitrocellulose membrane. Blots were blocked in 5% nonfat
milk with 0.1% Tris-buffered saline (TBS) and incubated with primary anti-
bodies diluted in blocking solution. Blots were rinsed and incubated with
HRP-linked secondary antibodies, and imaged using chemiluminescence
(BioRad, Hercules, CA). To examine the expression of HA-tagged NLG1
mutant constructs and their interactions with endogenous PSD-95, whole-
brain electroporation (Haas et al., 2002) was used to transfect large numbers
of tectal neurons in anesthetized Stage 47 tadpoles. Brains were dissected
1 day after electroporation and isolated protein samples were incubated
with anti-NLG1 or anti-HA antibodies at 4C overnight. The following day,
50 ml of protein A/G PLUS-Agarose (Santa Cruz Biotechnology, Heidelberg,
Germany) was added for 2 hr at 4C. Beads were washed three times with lysis
buffer and boiled with loading buffer. Coimmunoprecipitated PSD-95, if any,
was detected by western blot analysis as described above. Mouse anti-
NLG1 (Synaptic System, Goettingen, Germany), rabbit anti-NRX antibody
(Synaptic System), rabbit anti-HA antibody (Berkeley Antibody Company,
CA), andmouse anti-PSD-95 (a gift fromDr. A. El-Husseini, University of British
Columbia) were used as primary antibodies, followed by anti-rabbit and anti-
mouse horseradish peroxidase as secondary antibodies (New England Biol-
abs, Ipswich, MA).
Immunohistochemistry
Tadpoles were anesthetized with 0.02% MS222, sacrificed, and fixed with 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 2 hr at room
temperature and cryoprotected in 30% sucrose solution at 4C overnight fol-
lowed by cutting the whole tadpole into 30 mm horizontal cryosections. Slices
were blocked in 5% normal goat serum for 1 hr and incubated in primary anti-
bodies at 4C overnight. After washing with PBS, sections were incubated in
Alexa Fluor-conjugated secondary antibodies (Invitrogen, Eugene, OR) for 1 hrNeuron 67, 967–983, September 23, 2010 ª2010 Elsevier Inc. 981
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microscope, using a PlanApoN 603 oil immersion objective (1.42NA,Olympus).
The primary antibodies and dilution usedwere as follows: SNAP-25 (rabbit poly-
clonal, 1:400, Stressgen, Ann Arbor, MI), and PSD-95 (mouse IgG, 1:200, Milli-
pore, Billerica, MA). For secondary antibodies, Alexa 568-conjucated goat-to-
rabbit antibody (1:200) and Alexa 633-conjucated goat-to-mouse antibody
(1:200) were used. For the measurement of the density of immunostained
SNAP-25 and PSD-95 puncta, all fluorescent puncta between 0.2–2 mm2 were
included (Lim et al., 2008; Ruthazer et al., 2006; Sanchez et al., 2006) and
density was determined using NIH ImageJ software.
Neurexin-Neuroligin Binding Assay
A soluble form of mouse neurexin-1b lacking splice site 4 fused to Fc-IgG
(NRX-Fc) and a mutation version (D137A NRX-Fc) (Graf et al., 2006) were
generated in HEK293T cells (ATCC CRL-1573). NRX-Fc and D137A NRX-Fc
were generous gifts from Dr. Ann Marie Craig (University of British Columbia).
Protein was purified on Agarose Ni-NTA columns (QIAGEN, Germantown, MD)
using imidazol gradient elution and dialyzed with column buffer. Protein
concentration was quantitatively determined by anti-myc clone 9E10 (Dev.
Studies. Hyb. Bank, University of Iowa) by immunoblot. HEK293T cells were
plated on poly-l-lysine treated glass coverslips and were left either untrans-
fected or transfected with Xenopus NLG1 using Fugene 6 (Roche Basel,
Switzerland). Soluble NRX-Fc and D137A NRX-Fc were diluted to 30 mg/mL
in conditioned media, applied to coverslips containing live untransfected
and transfected HEK293T cells, and incubated at 37C, with 5% CO2 for
30 min. Coverslips were washed six times every 2 min in warm MEM media
(Invitrogen, Carlsbad, CA) before fixation in 4%PFA for 15min at room temper-
ature. After blocking in 10% bovine serum albumin (BSA), cells were stained
with anti-myc clone 9E10 detected by Alexa 568-conjugated mouse IgG1
secondary antibody (Invitrogen).
Electrophysiology
For AMPAR mEPSCs, tadpoles were immobilized using brief (5 min) expo-
sure to the reversible paralytic pancuronium dibromide (PCD, 2mM, Tocris, El-
lisville MO), and embedded under a thin layer of agarose (1.0%, prepared with
10% Steinberg’s solution) in a Sylgard recording chamber. Small incisions
were made on tadpoles’ surface skin to expose the brain for whole-cell
recording. Tadpoles were bathed in external ACSF solution (Haas et al.,
2006) containing 1 mM tetrodotoxin (Alomone Labs, Jerusalem, Israel) and
100 mM picrotoxin (Tocris), and an internal patch pipette solution was used
containing: 80 mM cesium methanesulfonate, 5 mM MgCl2, 20 mM tetraethy-
lammonium chloride, 10 mM EGTA, 20 mM HEPES, 2 mM ATP, 0.3 mM GFP,
pH 7.2 with CsOH, osmolality 255 mOsm. MO-containing neurons were iden-
tified by epifluorescence. Recording were carried out using a holding potential
of 70 mV. mEPSCs were detected by Mini-Analysis program (Synaptosoft
Inc, Fort Lee, NJ).
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